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Abstract- A circular sharp-edged orifice is a hydraulic flow device used to measure and control the outflow from channels, detention ponds, 
reservoirs and tanks. In this study experimentation was carried out at the Soil and Water Conservation Laboratory, University of Ibadan to 
investigate the discharge coefficient Cd of circular sharp-edged orifice at low head. The experiment was conducted using four different 
orifice diameters (4.5, 6.0, 7.5, 9.0cm). Flow characteristics in Cd for each orifice diameter were observed. A relationship between Cd and 
likely independent variables that could affect Cd was determined from dimensional analysis. Simple and multiple regression models of 
these variables were established. The simulation experimentation of the flow was carried out using COMSOL Multiphysics with Navier-
Stokes equation as the governing equation. Data were analysed using ANOVA at α0.05.It was found that the Cd increased as head 
reduced, and higher increase was observed at lower head. Coefficient of determination (R2) showed that 99.3% variability in Cd is due to 
Reynolds number-Re and Froude’s number-Fr but only significant at 4.5cm orifice diameter (P < 0.05). Simulation results were similar in 
trend to experimental results; however, 4.5cm orifice diameter had the highest Root Mean Square Error (RMSE) of 1.9877 for Cd and 0.029 
for Fr and minimal errors observed as the diameter increased. This study demonstrated that Cd cannot be taken as a constant value when 
dealing with low head; however, the simulation was able to forecast the trend but could not predict the exact values. 
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1 INTRODUCTION 
rbanization of rural areas has led to the increase in 
imperviousness within a given watershed, and thus 
an increase in the runoff of the surrounding area 
(Chithra et al.,2015).  Impervious areas like parking lots, 
roads, sidewalks, and building roofs etc. retain 
precipitation water that should infiltrate or percolate 
into the soil. Instead, most of the precipitation water 
runs off  the impervious areas onto an adjacent land or 
into a nearby water body (Prohaska, 2008). If not 
controlled, runoff from storm water can cause flooding, 
erosion and destruction of properties downstream.  
The United States Environmental Protection Agency (US 
EPA) regulates the discharge of storm water runoff into 
natural water bodies in United States, in other to control 
and manage runoff (Spencer, 2013). A circular sharp-
edged orifice is a hydraulic flow-device used to measure 
and control the outflow from channels, reservoirs and 
tanks. In designing a sharp-edged circular orifice the 
thickness of the orifice edge should be equal to or less 
than 2mm. If the orifice plate thickness is larger than 
2mm it must be bevelled at an angle greater than 450 
from the horizontal (Spencer, 2013). An orifice is the 
most broadly employed flow-metering elements owing 
to its simplicity and low cost (Ross et al., 2014). It 
measures the rate of fluid discharge based on 
empirically steady-state characteristics obtained from the 
great volume of research data.  
Orifices are important elements from the perspective of 
pipeline system design because they can adequately 
represent many flow system components, such as valves, 
blockages, and joints (Kim et al., 2007). An orifice is 
termed small when its dimension is lesser compared to 
the head causing flow. The velocity does not vary 
significantly from top to the bottom edge of the orifice 
and is assumed to be uniform. The orifice is large when 
the dimension is comparable with the head causing flow.  
* Corresponding Author 
The variation in the velocity from the top to the bottom 
edge is comparable (Rajput, 2011). According to Hussain 
et al., (2016) open channels, with flow diversion 
structures such as orifices, weirs and sluice gates; are 
predominant in irrigation systems, both for conveying 
water from the source to the irrigated areas, and for 
distributing the water within the irrigated area.  
Computational Fluid Dynamics (CFD) is the branch of 
fluid dynamics providing a cost-effective means of 
simulating real flows by the numerical solution of the 
governing equations (Boye et al.,2017). The governing 
equation for Newtonian fluid dynamics is the Navier-
Stokes equation which has been known for over 150 
years. The CFD complements experimental and 
theoretical fluid dynamics by providing alternative 
potentially cheaper means of testing fluid flow system 
(Feistauer, 2007). The CFD describes the motion of a 
fluid from a macroscopic level using the transport of 
mass, momentum and energy of a system as a model. 
These simulations can be especially valuable when there 
is experimental data available that can be used to 
validate the model (Dean, 2013). The CFD is a type of 
numerical modelling that is used to solve problems 
involving fluid flow and also allow for the testing of 
conditions which are not possible or extremely difficult 
to measure experimentally and are not amenable to 
analytic solutions (Feistauer 2007). Almost every CFD 
analysis is based on the Navier-Stokes equations with a 
small range of simplifications depending on the desired  
results (Michalsen and Nævdal 2014).  
The discharge coefficient, Cd, is often modelled as being 
constant in value, independent of Reynolds number Re 
(Taylor et al., 2014).. However, for very small orifice 
openings, Cd varies significantly and can result in 
substantial error if assumed constant. In this situation, 
modellers usually revert to graphs or look–up tables to 
determine Cd. The basic orifice flow equation, derived 
from Bernoulli’s equation of flow, is proportional to the 
orifice sectional area and the square root of the pressure 
U 
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drop and is used to model the orifice coefficient of 
proportionality. An investigation carried out by 
Ramamurthi and Nandakumar (1999) showed that Cd of 
sharp-edged cylindrical orifices are scaled with the Re 
and the aspect ratios in the attached flow regions are 
influenced by the diameter of the orifice in the attached 
and cavitated flow regions. Prohaska (2008) investigated 
the Cd for circular orifices in riser pipes. He built a 
physical model with various size riser pipes installed in 
the tank to simulate a detention basin. The water level 
versus volume drained was used to find the discharge, 
and hence the Cd.  
2 FLOW SIMULATION 
2.1 GOVERNING EQUATIONS 
The Navier-Stokes and continuity equations provide the 
foundations for modelling fluid motions (Abdulnaser 
2009). The equations solved for is the incompressible 
flow with no temperature and density variation as stated 
below. 
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where u is the velocity in the x direction, v is the velocity 
in the y direction, w is the velocity in the z direction, µ is 
the dynamic viscosity and ρ is the density. 
3 EXPERIMENTAL PROCEDURE 
The experiment started with circular sharp-edged orifice 
of diameter 4.5cm with a center point of 0.15m to the 
sides and 0.20m to the base of a tank made from Perspex 
glass (Fig. 1). The orifice was drilled using a drilling 
machine with a 4mm drill bit and beveled at angle 450 to 
make it a sharp-edged orifice. The vertical tank was 
calibrated using a steel meter rule so as to monitor the 
variation of head with time in the tank. The vertical tank 
was then placed inside the metal frame and packed with 
plywood so as to reduce budging.  
Pressure transmitter connected to a direct current 
adaptor was fit to the base of the wall of the vertical tank 
opposite the wall of the circular sharp-edged orifice 
below the orifice invert and plugged to a power source. 
Water was filled into the vertical tank with the help of a 
hose fit to an electric water pump. Because the 
experiment was designed to be done under unsteady 
state, water was allowed to fill the vertical tank with the 
orifice blocked with a door mechanism. The door 
mechanism was removed after the tank was filled and 
the drop in head was taken by marking the meter rule 
glued to the side of the vertical tank. Discharged water 
was collected using a water basin placed below the tank. 
This same procedure was repeated three times and the 
average was calculated. After the experiment for the 
4.5cm orifice the same face of the orifice was marked out 
to the next orifice diameter (6cm) and also beveled at 
angle 450. The same procedure for the previous 
experiment was repeated for 6cm, 7.5cm, and 9cm 
orifices. This experiment was carried out under low head 
of 1m and the relationship between the head and time 
gave measurement for the discharge. 
 
(a) 
 
 
(b) 
Fig. 1: Pictorial (a) and Isometric (b) views of experimental setup 
 
4 RESULTS AND DISCUSSIONS 
In this section, we represent the comparisons of the 
simulated flow using COMSOL Multiphysics and 
physical experiment to reveal the flow characteristics out 
of a circular sharp-edged orifice. Results showed that 
discharge and Re are directly proportional. The 
comparison of Re-Reynolds number for experiment and 
simulation (Fig. 3) with R2 value of 0.73; indicates that 
73% of the variations in experimental results are 
accounted for by the simulation results. However, the 
comparison of discharge coefficient Cd for experiment 
and simulation (Fig. 4) with R2 value of -0.64 showed 
that 64% of the variability of experimental results can be 
accounted for by the simulated result. The relationship 
between discharge and Fr-Froude number (Fig. 5) 
showed that as discharge increased for the four orifice 
diameters, the value of Fr also increases, indicating that 
the higher the discharge the higher the Fr. 
 
The highest Fr 0.0626 was also recorded with the vertical 
tank with the biggest orifice diameter 9.0cm. This also 
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showed that the bigger the orifice diameter the larger the 
Fr and the flow through the orifice at different diameters 
are subcritical (Fr < 1). The most noticeable trend of the 
flow characteristics is that, as the head of water reduced 
in the tank, the Cd increased with a more drastic increase 
at a lower head (Fig. 2). This goes in line with Prohaska 
(2008) who also noticed that for most cases, increase in 
Cd becomes more as head values approach the top of the 
orifice. This is expected as there is an increase in the area 
of the jet at the vena contracta and an increase in the 
contraction coefficient Cc as head reduces. The linear 
regression model for each variable on Cd showed that the 
model as expressed by the coefficient of determination 
(R2) showed a 99.3%, 99.3%, 35.5%, 26.5% and 43.6% 
variability on the response (Cd) for Re, Fr, 
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respectively where, D - diameter, g - gravitational 
acceleration ,H- head of water,  T - time  and Vo - 
volume. Also, only the effect of Re and Fr were 
significant on Cd of the orifice (P < 0.05). The equations 
below are an expression of the multiple linear regression 
models of variables on Cd for 4.5, 6.0, 7.5 and 9.0cm 
orifice diameters respectively 
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Comparison of the simulation and experimentation 
results graphically showed that there is a similar trend 
between the two methods but there occur a difference in 
values. It is not farfetched that simulation over or under 
predicts experimental results. A larger percentage of 
error was observed with the orifice with smaller 
diameter and a significant decrease in the error was 
observed as the diameter of the orifice increased to 9.0cm 
(Table 1). 
 
Table 1.  Root Mean Square Error (RMSE) values between 
experimental and simulation result 
Diameter (cm) RMSE Cd RMSE Fr 
4.5 1.9877 0.0294 
6.0 0.7149 0.0109 
7.5 0.1161 0.0032 
9.0 0.075 0.0097 
 
 
  
     A 
 
 
   B 
Fig. 2: Relationship between Discharge Coefficient and Head (A 
and B) 
 
 
 
Fig. 3: Comparison of Experimental and Simulated Reynolds (Re) 
Number 
 
 
 
 
Fig. 4: Comparison of Experimental and Simulated Discharge 
coefficient-   
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   D 
Fig. 5: Relationship between Froude number and Discharge (C&D) 
 
4.1  DIMENSIONAL ANALYSIS 
To obtain an expression for the discharge ‘Q’ of water 
through circular sharp-edged orifice, the Buckingham’s 
π-theorem showed the relationship between Q and the 
dependent parameters. 
Mathematically,   
Q = f (D, H, g, ρ, µ, Ve, T, Vo)  (9) 
Or,     
f1 (Q, D, H, g, ρ, µ, Ve, T, Vo) = 0 (10) 
The solution of equations 9 and 10 showed that Cd is a 
function of Re and Fr as shown in the expressions below. 
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4.2 SIMULATION VELOCITY PROFILE 
The colour grid in fig. 6 depicts the velocity profile for 
the different orifice diameters when simulated, with 
deep blue as the lowest and red as the highest. The 
highest velocity of 0.51m/s was observed with the orifice 
with largest diameter 9.0cm and the lowest with 0.16m/s 
obtained from 4.5cm orifice diameter. This result agreed 
to the fact that velocity profile of the nappe is directly 
proportional to the diameter of an orifice.  However, fig. 
6d showed that there is a steady nappe with velocity 
0.07m/s up to head 0.5m with a little bit of turbulence 
just below 0.5m head as the water nears the orifice 
invert. Fig. 6G showed that the nappe is steady up to 
head 0.4m with velocity 0.09m/s with a significant 
change in velocity noticed below this head for 6.0cm 
orifice diameter. Also, a steady nappe with 0.10m/s for 
7.5cm and 0.15m/s for 9.0cm orifice diameters is being 
represented in fig. 6(F & E) respectively. The values of 
the velocity, head and time for the four orifice diameters 
at different heads were extracted into excel and further 
calculations were carried out. 
 
     
  E 
 
 
    F  
 
 
      G 
 
 
    H   
Fig. 6: Velocity profile of simulated flow through orifices of different 
diameters (E) 9.0cm (F) 7.5cm (G) 6.0cm (H) 4.5cm  
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5 CONCLUSION  
This study has been able to demonstrate that the 
discharge coefficient of a circular sharp-edged orifice is a 
function of Fr and Re with 99.3% coefficient of 
determination (R2) showing a strong direct and multiple 
linear relationships existing between the three variables. 
As head of water in a tank reduces causing a reduction 
in discharge, the discharge coefficient of a circular sharp-
edged orifice increases as the head of water approaches 
the top of the orifice due to the increase in the area of jet 
at the vena contracta. Comparison between simulation 
and experimental results had been able to affirm that 
simulation results follow similar trend as that of 
experimental results. There were some over predictions 
in the simulation results which could be as a result of the 
acrylic plastic used for the tank in simulating instead of 
Perspex glass or other settings like the mesh, physics 
considered for the simulation. However the simulation 
was able to forecast the trend but could not predict the 
exact values. Perspex glass with high thickness could be 
considered in further research so as to reduce bulging. 
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